Introduction
Leishmania are intracellular parasites responsible for a variety of disease manifestations (Chappuis et al. 2007 ). The important clinical presentations include cutaneous, diffuse, mucocutaneous and visceral (VL, kala-azar) forms that are determined by the type of Leishmania sp. infecting the host (Guerin et al. 2002; Silveira et al. 2009 ).
Leishmania being digenetic parasites confront harsh conditions while shuttling between their intermediate vectors and vertebrate hosts. Therefore, they often adopt different survival strategies to combat such conditions for the establishment of a successful infection. The role of membrane bound parasiteassociated carbohydrates in recognition, infectivity and parasite survival has been reported (Ferguson 1999; Chang et al. 2003; Chatterjee et al. 2003; Mukhopadhyay and Mandal 2006) . Interestingly, glycoconjugates of Leishmania adleri (Palatnik et al. 1985) , Leishmania major (Handman et al. 1984) , Leishmania mexicana (Russell and Wilhelm 1986) , Leishmania tarentolae (Xavier et al. 1987) and Leishmania donovani (Turco et al. 1987 (Turco et al. , 2001 Wilson and Hardin 1988) have been documented to influence the parasite biology (Dwyer et al. 1974) .
Terminal sialic acids [SA, N-acetyl neuraminic acid (Neu5Ac)] of glycoconjugates serve as attractive targets for sialoglycotherapeutics because of their involvement in several biological and physiological events (Schauer 2000 (Schauer , 2004 (Schauer , 2009 Crocker and Varki 2001; Ghoshal et al. 2008) . Amongst a range of 50 different derivatives of SA, the commonest are O-acetyl substitutions of which 9-O-acetyl sialic acids (9-OAcSA, Neu5,9Ac 2 ) usually predominate on cell surface to form 9-O-acetylated sialoglycoconjugates (Kamerling et al. 1987; Schauer 2000; Mandal et al. 2000; Angata and Varki 2002) . The overall display of cell surface SA during a pathological condition is usually predetermined by the balance between different enzymes regulating sialylation (Srinivasan and Schauer 2009; Mandal et al. 2009a Mondal et al. 2010) .
Although nitric oxide (NO) is a naturally occurring leishmanicidal molecule, little is known about the molecular determinants especially sialoglycoconjugates responsible for conferring NO resistance to these parasites (Naderer et al. 2004) . Leishmania lipophosphoglycan, a scavenger of toxic oxygen products, regulates the expression of NO and leishmania glycoinositolphospholipids plays a potent role in inhibition of NO in murine macrophages (Proudfoot et al. 1996 (Proudfoot et al. , 1995 . Pre-viously, we have demonstrated the presence of SA on virulent L. donovani (AG83) (Chatterjee et al. 2003; Chava et al. 2004a Chava et al. , 2004b ) as compared to their negligible presence in avirulent UR6 promastigotes (Ghoshal et al. 2009a) . Considering the relevance of SA in VL (Chava et al. 2002 (Chava et al. , 2004a (Chava et al. , 2004b (Chava et al. , 2004c Bandyopadhyay et al. 2004a,b) , their status and role in conferring NO resistance to promastigotes of different Leishmania sp. causing other forms of the disease were investigated.
Here, we report a differential distribution of SA in six different Leishmania sp. by several analytical and biochemical approaches. Enhanced 9-O-AcSA was positively correlated with the increased resistance to NO. Subsequently, we also demonstrate increased intracellular survival and multiplicity of NO-resistant promastigotes having enhanced 9-O-AcSA (9-O-AcSA high ) within human macrophages. Additionally, 9-O-AcSA high promastigotes showed an inhibition of host responses following infection indicating a probable correlation between them. To the best of our knowledge, this is the first report of 9-O-AcSA being a potentially important constituent of promastigotes directly involved with their increased intracellular survivability as a result of higher NO resistance possibly influencing the pathological condition of leishmaniasis.
Results

Differential distribution of SA on promastigotes
The levels of SA on stationary phase promastigotes of six different Leishmania sp. demonstrated a descending order of distribution as represented: K27 > JISH118 > L280 > MON29 > LV4 > LV81 ( Figure 1A ). The highest amount of total SA was observed in K27 (6.50 ± 0.15 μg) as compared to LV81 (0.08 ± 0.002 μg) from 5 × 10 8 promastigotes. The number of SA molecules per promastigote of K27, JISH118 and L280 corresponded to 2.53 × 10 7 , 1.75 × 10 7 and 1.25 × 10 7 , respectively, and was 100-fold higher compared to LV4 (4 × 10 5 ) and LV81 (3 × 10 5 ). Interestingly, 9-O-AcSA (%) present in the total SA content (μg/5 × 10 8 promastigotes) demonstrated a similar trend of distribution, the mean ± SD of each strain being K27 (78 ± 554 Fig. 1 . Identification of SA on promastigotes of different Leishmania sp. (A) Fluorimetric quantification of total SA. Total SA on promastigotes were estimated separately by acetyl acetone method. (B) 9-O-AcSA as detected fluorimetrically. 9-O-AcSA (%) is defined as the percent of 9-O-AcSA present in the total SA content (μg/5 × 10 8 promastigotes). Results are the mean ± SD of four experiments performed in duplicates. (C) Fluorimetric HPLC of DMB derivatized SA. HPLC-chromatogram of the DMB-derivatives of free SA derived separately from K27, LV4 and LV81 is shown. Glycosidically bound SA from promastigotes of the respective strains were hydrolyzed, purified, derivatized with DMB and analyzed at an excitation and emission wavelength of 373 nm and 448 nm, respectively. 8.61%), JISH118 (63 ± 7.05%), L280 (51 ± 5.40%), MON29 (43 ± 4.75%), LV4 (10 ± 1.75%) and LV81 (5 ± 1.11%) ( Figure 1B ). Species-specific increase in SA showed a good correlation (r = 0.97) with the increase in 9-O-AcSA.
The differential distribution of SA was further confirmed by fluorimetric high performance liquid chromatography (HPLC) ( Figure 1C , Table II ). The chromatogram of liberated SA from K27 exhibited intense peaks corresponding to N-glycolyl neuraminic acid (Neu5Gc), Neu5Ac and N -acetyl-7-Oacetylneuraminic acid (Neu5,7Ac 2 ). Interestingly, Neu5,9Ac 2 corresponded to 13.02% of total SA. Lower content of N-acetyl-8-O-acetylneuraminic acid (Neu5,8Ac 2 ) and N-glycolyl-9-O-acetylneuraminic acid (Neu5Gc9Ac) was also observed. In contrast, chromatogram of LV4 with lower amount of SA showed peaks of only Neu5Ac and Neu5Gc. LV81 having least SA depicted a small peak of Neu5Ac.
The derivatives of SA identified in all the three representative parasite strains were further confirmed by gas chromatography/ mass spectrometry (GC/MS) analysis (Table III) . The presence of Neu5Ac and Neu5Gc including Neu5,9Ac 2 was observed in K27, whereas Neu5,9Ac 2 was not detected in LV81 and LV4.
The corresponding fractions of Neu5Ac and Neu5Gc on K27 were collected after fluorimetric HPLC, lyophilised and analyzed by matrix-assisted laser desorption ionization timeof-flight mass spectrometry (MALDI-TOF MS). Both Neu5Gc and Neu5Ac demonstrated the expected signal having m/z at 448.7 and 464.8 further confirming their presence in K27 (not shown in figure) .
Predominance of α2-6-linked SA on promastigotes The presence of linkage specific SA on promastigotes of all six Leishmania sp. was demonstrated by flow cytometry using Sambucus nigra agglutinin (SNA), Maackia amurensis agglutinin (MAA ; Table IV ) and various recombinant siglecs (Table V) . The parasite strains having higher amount of SA 555 namely K27, JISH118, L280 and MON29 showed increased binding with SNA as compared to MAA indicating the predominance of α2-6-linked SA. Lower binding of LV4 and LV81 with SNA and MAA suggested a minimal distribution of both α2-6-and α2-3-linked SA, respectively. Siglecs having preferential specificity towards α2-6-linked SA showed increased binding to K27, JISH118, L280 and MON29. Western blot analysis of membrane of promastigotes from two representative Leishmania sp. having higher (K27 and JISH118) and lower (LV4 and LV81) levels of SA using SNA and MAA demonstrated the presence of distinct sialylated molecular determinants (Figure 2 ). These bands disappeared after sialidase treatment reconfirming the presence of both α2-3-and α2-6-linked sialoglycans. zyme-linked immunosorbent assay (ELISA) was observed as compared to the least binding for LV81, the optical densities (OD) 405 nm being 1.432 ± 0.22 and 0.202 ± 0.05 ( Figure 3B ). Interestingly, increased distribution of 9-O-AcSA demonstrated a good correlation (r = 0.97) with enhanced presence of α2-6-linked SA.
The surface density of 9-O-acetylated sialoglycoproteins (9-O-AcSGPs) on promastigotes of different leishmanial strains was assessed by Scatchard analysis using 125 I-Achatinin-H which demonstrated an increased number on K27, JISH118 and L280, the values being 1.94 × 10 7 , 1.07 × 10 7 and 6.25 × 10 6 molecules/promastigote, respectively. In contrast, both LV4 and LV81 having lower distribution of SA demonstrated only 3.71 × 10 4 and 1.42 × 10 4 surface 9-O-acetylated sialoglycotopes. The apparent dissociation (K d ) constant for the binding of K27, JISH118 and L280 was 1.80 ± 0.03 nM, 2.41 ± 0.05 nM and 2.92 ± 0.02 nM, respectively.
Western blot analysis using Achatinin-H showed the presence of a few distinct 9-O-AcSGPs on K27 (135, 104, 96 and 12 kDa), JISH118 (200, 138, 132 and 8 kDa) , L280 (104, 78 and 35 kDa), MON29 (110 and 100 kDa), LV4 (20 kDa) and LV81 (175 kDa) ( Figure 3C ). In contrast, de-O-acetylated membrane fractions of these promastigotes demonstrated the absence of these bands reconfirming O-acetylation of SA on promastigotes.
Increased NO resistance in 9-O-AcSA high promastigotes
The resistance/susceptibility of promastigotes to NO toxicity was evaluated by measuring promastigote viability after exposure to freshly prepared NaNO 2 serving as an exogenous donor 557 of NO. A differential percentage of K27 (79 ± 3.75%), JISH118 (70 ± 3.5%), L280 (62 ± 3.75%), MON29 (55 ± 3.1%), LV4 (53 ± 2.9%) and LV81 (50 ± 4.1%) were viable after exposure to NaNO 2 (8 mM) indicating their inherent ability to resist NO for the establishment of a successful infection. Subsequently, the viability of de-O-acetylated and de-sialylated promastigotes of all the six strains was compared before and after subsequent exposure to NO. NaNO 2 (8 mM) treated de-O-acetylated and de-sialylated promastigotes demonstrating only 15% viability as compared to their untreated controls were considered as NO susceptible. A drastic reduction of viability (10-12%) was observed after subsequent exposure of de-O-acetylated K27 ( Figure 4A ), JISH118 ( Figure 4B ), L280 ( Figure 4C ) and MON29 ( Figure 4D ) to NaNO 2 as compared to the respective untreated controls. These observations revealed a probable correlation of increased NO resistance with the absence of surface 9-O-AcSA. Additionally, de-sialylation of these de-O-acetylated promastigotes showed a further minor (5-7%) decrease in survivability after exposure to NO. In contrast, under identical conditions, both LV4 ( Figure 4E ) and LV81 ( Figure 4F ) with least amount of 9-O-AcSA demonstrated no significant change in viability after de-O-acetylation and de-sialylation as compared to the untreated controls indicating that marked NO resistance was only observed in 9-O-AcSA high promastigotes. Thus, 9-O-AcSA may be considered as one of the most potent naturally occurring leishmanicidal molecular determinants responsible for conferring increased resistance to NO. ) of Leishmania sp. were exposed to varying concentrations of NaNO 2 (0-16 mM), and NO mediated parasite killing was determined by MTT assay. The viability of promastigotes of K27 (A), JISH118 (B), L280 (C), MON29 (D), LV 4 (E) and LV81 (F) after subsequent exposure to NO both before (■) and after O-acetyl esterase (□) and sialidase (▲) treatment was compared. The viability of promastigotes in each well was assessed in triplicates. Data are means ± SD of four independent experiments.
9-O-AcSA
high NO-resistant promastigotes demonstrate enhanced intracellular survivability subsequent to in vitro infection of human macrophages The proliferation of 9-O-AcSA high NO-resistant promastigotes within human macrophages was evaluated before and after de-O-acetylation of the parasites. K27 promastigotes before and after de-O-acetylation showed a similar degree of macrophage infection after 2 h ( Figure 5A -B, P = 0.01), but the de-O-acetylated forms demonstrated a decline in the number of intracellular parasites at 24 h postinfection suggesting enhanced intracellular killing of these de-O-acetylated parasites within the macrophage. Under identical assay conditions, JISH118 promastigotes showed a similar trend.
After 96 h of postinfection with 9-O-AcSA high NO-resistant promastigotes, the number of intracellular parasites per 100 macrophages was significantly higher as compared to their de-O-acetylated NO-susceptible forms, the mean ± SD being 634 ± 124 versus 219 ± 65 (P = 0.01) for K27 and 515 ± 56 versus 187 ± 33 (P = 0.002) for JISH118 ( Figure 5A-B) . Similar trend was observed for other 9-O-AcSA high NO-resistant promastigotes of L280 and MON29 (data not shown).
In contrast, LV4 and LV81 with 9-O-AcSA low showed no change in survivability and multiplicity in the resting human macrophages before and after de-O-acetylation further proving the role of this determinant ( Figure 5C and D) . infection with their de-O-acetylated NO-susceptible forms showed upregulation of NO after 24 h. Accumulation of NO in the range of 40-55 μM was evidenced after 96 h of postinfection with de-O-acetylated NO-susceptible forms of these promastigotes. In contrast, de-O-acetylated LV4 and LV81 promastigotes demonstrated negligible NO after infection. In parallel, NO measured in the supernatant of the cultured naive macrophages at the respective time points served as controls. These results indicated that promastigote-associated 9-O-AcSA of NO-resistant promastigotes confers a survival benefit to the intracellular parasites by subsequent inhibition of NO in a species-specific manner.
Inhibition of Interleukin (IL)-12 and Interferon (IFN)-γ
Out of the enumerable mechanisms responsible for the resistance and subsequent survival of Leishmania sp. within the macrophage, unresponsiveness of the infected cells towards cytokine activation is a major deciding factor (Carrera et al. 1996) . There is a correlation between the suppression of NO synthesis as a result of parasite infection and the inhibition of IL-12 (Balestieri et al. 2002) . Accordingly, the secreted cytokines in the culture supernatants were estimated with an aim to correlate the intracellular survivability of 9-O-AcSA high NO-resistant promastigotes as compared to their de-Oacetylated susceptible forms. Postinfected supernatants of macrophages infected with 9-O-AcSA high NO-resistant promastigotes demonstrated negligible levels of IL-12 and IFN-γ in the range of 50-80 pg/mL. In contrast, the levels of secreted IL-12 and IFN-γ in the culture supernatant of macrophages infected with their de-O-acetylated forms increased at 96 h, means ± SD being 550 ± 22 pg/mL and 625 ± 45 pg/mL for K27, 422 ± 31 pg/mL and 485 ± 51 pg/mL for JISH118, 375 ± 42 pg/mL and 322 ± 31 pg/mL for L280 and 345 ± 37 pg/mL and 288 ± 31 pg/mL for MON29, respectively ( Figure 6B-C) . These observations suggested a correlation between the distribution of 9-O-AcSA, survivability (i.e. increased resistance) and inhibition of host leishmanicidal responses. As expected, supernatants of 96-h infection assays performed 560 with de-O-acetylated LV4 and LV81 promastigotes demonstrated negligible IL-12 and IFN-γ when compared with controls.
Discussion
The occurrence of SA on surface glycoconjugates of microbes including parasites and their involvement in host-microbe interactions are pivotal in determining the disease status (Crocker and Varki 2001; Mukhopadhyay and Mandal 2006; Bandyopadhyay and Mandal 2008; Khatua et al. 2009 ). Although the presence of a few distinct 9-O-AcSGPs was reported on virulent L. donovani (AG83) as compared to their absence on avirulent strain (UR6) (Chatterjee et al. 2003) , their distribution and role remained unexplored in other virulent Leishmania sp. causing varying disease manifestations. Thus, the major observation of this study was the demonstration of a differential distribution of different derivatives of SA especially 9-O-AcSA on promastigotes of six different virulent strains of Leishmania sp. Additionally, the involvement of this sialoglycotope in imparting NO resistance leading to increased parasite survivability within human macrophages by suppressing the host immune response was established.
The predominance of α2-6-linked SA on the promastigotes of Leishmania sp. was conclusively established by several analytical and biochemical methods on the basis of which they were categorized as high (K27, JISH118, L280 and MON29) and low (LV4 and LV81) SA-containing strains. Importantly, the presence of a nonhuman SA Neu5Gc along with 9-O-acetylated Neu5Gc evidenced in the chromatogram of K27 suggested its importance as drug targets that could probably be exploited for the benefit of the host. The distribution of SA on K27 (Leishmania tropica) was comparable to AG83 (L. donovani) as indicated by SNA binding (Chatterjee et al. 2003) . Other high SA-containing strains demonstrated lower SNA binding signifying lower levels of SA as compared to AG83. Interestingly, AG83 showed 1.78-and 3.8-fold higher binding with SNA and MAA as compared to MON29 (Leishmania infantum) suggesting the differential distribution of both α2-6-and α2-3-linked SA (Table IV) . Furthermore, binding of Achatinin-H with AG83 was 1.4-fold lower than MON29 indicating lower levels of 9-O-acetylated sialic acids ( Figure 3A) . Increased presence of 9-O-AcSA on these strains was confirmed by Achatinin-H binding indicating the presence of 9-O-AcSAα2-6GalNAc sialoglycotope. Our results therefore conclusively demonstrated a varying distribution of SA on various virulent Leishmania sp. causing different forms of the disease probably implying their relevance in pathogenesis.
Comparison of the genome sequences available for L. major, Leishmania braziliensis and L. infantum discloses enormous synteny and conservation of the genes (Peacock et al. 2007 ). However, there are about 200 genes that are variably spread in these three species. The variably distributed genes often encode proteins like proteolytic enzymes or machinery for synthesis of glycoconjugates that influence the host-parasite interaction. For example, the frequent gene cluster encoding GP63 zinc metalloproteinases is approximately 4-fold enlarged in L. braziliensis as compared with L. major or L. infantum. The catalytic site of the multimeric enzyme oligosaccharyltransferase complex (OST) mediating N-glycosylation in eukaryotes like Saccharomyces cerevisiae is located within a subunit Stt3. Interestingly, a homolog of Stt3 functioning as a free enzyme was the only OST subunit identified from the genome sequences of L. major suggesting the presence of posttranslational modifications (Hese et al. 2009 ). Additionally, N-acetyl transferase accountable for the production of N1-acetylspermidine has been documented in L. amazonensis indicating the presence of enzymes for acetylation (Rojas-Chaves et al. 1996) . Previous reports from our group have demonstrated undetectable UDP-GlcNAc 2-epimerase activity in L. donovani that indirectly suggested the possible absence of machinery for SA biosynthesis (Chatterjee et al. 2003) . Furthermore, studies also revealed that the serum served as a source of these sialoglycoconjugates, which were acquired by the virulent parasite possibly by poly-anionic adsorption to compensate its SA deficient state (Chatterjee et al. 2003 , Chava et al. 2004a ). Demonstration of a few discrete sialoglycoproteins on these strains by western blotting with different SA-binding lectins unlike to a smear characteristic of lipophosphoglycan (Ferguson 1999 ) raised questions about its whole or partial uptake. In contrast, avirulent UR6 strain of L. donovani showed negligible presence of SA that indicated their inherent incapability of SA acquisition (Ghoshal et al. 2009b ). Despite of the steady progress in the sequencing studies, the presence of an appropriate transferase and other enzymes responsible for sialylation is absent. However, direct analogies correlating the transfer of sialoglycoproteins from the serum demand elaborate proteomic characterization of surface proteins on promastigotes and are a subject of future research.
The survival of intracellular parasite depends on their ability to inhibit or protect themselves from cytotoxic mechanisms of the host cells like suppression of cytokines and NO release (Kavoosi et al. 2006; Späth et al. 2003 and 2004) . However, little is known about the fundamental mechanisms and the contributing determinants that regulate the inhibition of NO synthesis by the pathogens. The current study demonstrates for the first time the involvement of increased presence of 9-O-acetylation of SA in conferring resistance to killing by NO in promastigotes of different virulent Leishmania sp. Therefore, 9-O-acetylated derivatives of Neu5Gc and Neu5Ac on the promastigote surface were considered as important determinants conferring resistance to a natural leishmanicidal molecule and could serve as potential targets for sialoglycotherapeutics in future (Ghoshal et al. 2008) .
Inhibition of NO production by macrophages following infection has been correlated with increased viability of intracellular parasites that leads to their persistence within host cells determining the severity of the disease presentation. Hence, this has been widely accepted as a potential evasion mechanism for an array of intracellular parasites. A decreased production of NO following infection of Trypanosoma cruzi trypomastigotes (Pakianathan and Kuhn 1994) , Mycobacterium bovis (Hanano and Kaufmann 1995) and Cryptococcus neoformans (Kawakami et al. 1997 ) within macrophages has been observed. The survival benefit of intracellular parasites as monitored by increased multiplicity within the macrophages following infection with 9-O-AcSA high NO-resistant promastigotes as compared to their de-O-acetylated susceptible forms further proves this point. The presence of 9-O-AcSA on virulent AG83 promastigotes has been reported as important contributo-ry molecules enhancing their entry within murine macrophages (Ghoshal et al. 2009a) . Furthermore, increased presence of these molecules on metacyclic virulent AG83 promastigotes as compared to avirulent UR6 provided evidence in favor of 9-O-AcSA being determinants of virulence in Leishmania (Ghoshal et al. 2009a) . The role of NO as a leishmanicidal molecule is well documented, and its production hints towards a change in the intracellular mileu that affects the parasites (Balestieri et al. 2002) . However, till date the mechanisms and agents that lead to the production of NO are not very well studied. Therefore in the present study, the induction of high levels of NO by human macrophages infected with de-O-acetylated promastigotes provides further evidence in favor of the sialoglycotope being a possible link between the generation of NO and virulence responsible for the establishment of a successful infection. The evidence of such parasite-associated sialoglycoconjugates having a significant role in survivability is not an exception. The role played by lipophosphoglycan, a predominant surface glycolipid of promastigotes, which mediates parasite survival via regulation of NO and suppression of host cell responses has been documented (Kavoosi et al. 2006; Späth et al. 2003 Späth et al. , 2004 . Taken together, it may be envisaged that the enhanced 9-O-acetylation of SA plays a potent role in imparting NO resistance to promastigotes of various virulent Leishmania sp. that correlates directly with their survival benefit. Thus, the relevance of 9-O-AcSA as one of the potent factors determining the clinical outcome of the disease cannot be overruled.
Macrophages play a crucial position in Leishmania infection. They are stimulated by inflammatory cytokines generating poisonous products causing intracellular killing of Leishmania (Tripathi et al. 2007; Pakianathan and Kuhn 1994) . Therefore, the successful intracellular parasite killing is evidently dictated by the host responses. In this aspect, our findings demonstrate that 9-O-AcSA high NO-resistant promastigotes inhibited the host cell responses following infection. Increased levels of secreted IL-12 and IFNγ suggested the upregulation of the parasiticidal host response after infection with de-O-acetylated promastigotes. Although there are reports on the immunomodulatory role of NO, the precise mechanism by which it influences the cytokine production is still not clear. However, the biological effect mediated by NO is predetermined by the local concentrations of NO which decides whether the molecule acts as a signaling molecule or a bactericidal agent (Poole 2005) . Such kind of a scenario is often manifested by subtle differences between cytokines regulated by NO. Although the exact mechanisms whereby NO regulates the expression of diverse cytokines are still unknown. However, NO is known to regulate the expression of IL-12 by nonstimulated human macrophages as a result of concomitant upregulation of cyclic guanosine monophosphate by the activation of guanyl cyclase (Niedbala et al. 2002; Stevanin et al. 2007) . Such kind of a scenario has been documented after infection with Neisseria meningitides (Stevanin et al. 2007 ). IL-12 sequentially controls the onset and maintenance of a TH1 response, which is attested by the release of IFN-γ. It is well established that the parasites with the help of several virulence factors confront the milieu of the host by suppressing the macrophage leishmanicidal response and the elicitation of TH1 response favors the host. Therefore, we reasoned that downregulation of leishmanicidal host responses was mediated by promastigote-associated 9-O-AcSA, which were in a way inhibiting NO liberation. Interestingly, removal of 9-O-acetylation of SA from the promastigotes subverted the host immune responses in favor of the host. Hence, suppression of NO production could serve as an initial escape mechanism enabling Leishmania sp. to infect the macrophage but intracellular multiplicity and persistence depends upon the release of cytokines produced by the host.
Taken together, the findings render promastigote-9-O-acetyl derivatives of SA as one of the many factors influencing NO resistance and modulating the host response in favor of the parasites. However, the impact of 9-O-AcSA-mediated NO resistance in promastigotes of different Leishmania sp. is not as simple as perceived. In view of the alarming increase in drug unresponsiveness (Guerin et al. 2002) , it would be interesting to study whether surface SA of drug resistant parasites mediate such effects leading to the severity of the disease manifestation. More importantly, the evidence of a nonhuman SA Neu5Gc (Bardor et al. 2005) could probably open newer aspects of research utilizing them as molecular targets.
Materials and methods
All the chemicals were of analytical grade and purchased from Sigma Chemicals Co., St. Louis, MO unless otherwise mentioned. Arthrobacter ureafaciens sialidase was from Roche, Mannheim, Germany. SNA and MAA were from Vector Labs. Kits for cytokines and horseradish peroxidase (HRP)-conjugated antirabbit IgG, peridinin chlorophyll protein (PerCP)-streptavidin and phycoerythrin (PE)-streptavidin were from Pharmingen, San Diego, CA.
Parasites
Promastigotes of different Leishmania sp. (Table I) were grown at 22-25°C in M199 medium supplemented with 10% heat-inactivated fetal calf serum (FCS) and antibiotics (penicillin 100 U/mL and streptomycin 100 μg/mL, medium A). Unless otherwise stated, promastigotes of 5-6-day stationary phase cultures were used, and the cell viability was assessed by trypan blue exclusion studies.
Macrophage cultures
Peripheral blood mononuclear cells (PBMCs) were separated from healthy human donors by Ficoll-histopaque (Amersham Biosciences, Uppsala, Sweden) centrifugation. The PBMCs (1 × 10 6 ) washed with Roswell Park Memorial Institute 1640-10% FCS and antibiotics (medium B) were allowed to adhere on 6-well plates for 3 h at 37°C in a humified atmosphere of 5% CO 2 , and the nonadherent cells were subsequently removed. After 6 days, the monocyte-differentiated macrophages were washed with fresh media and used for infection assays using promastigotes of different Leishmania sp. (Giudice et al. 2007 ).
Purification of Achatinin-H Achatinin-H purified by affinity chromatography using bovine submandibular mucin (BSM) coupled to Sepharose 4B as an affinity matrix was used as an analytical probe. The carbohydrate-binding specificity of the lectin towards 9-O-AcSA was examined (Sen and Mandal 1995) .
Fluorimetric HPLC Promastigotes (5 × 10 9 ) of Leishmania sp. were extensively washed, lyophilized and hydrolyzed with acetic acid (2 M, 200 μL) for 3 h at 80°C to liberate glycosidically linked SA. Free SA were derivatized with 1,2-diamino-4,5-methylenedioxybenzene (DMB), analyzed by fluorimetric HPLC on a RP-18 column (4 × 250 mm, Lichrospher RP-18, Merck, Darmstadt, Germany) and the corresponding fluorescence was detected at an excitation and emission wavelength of 373 nm and 448 nm, respectively (Chatterjee et al. 2003; Ghoshal et al. 2009b ). An aliquot of commercially available authentic Neu5Ac and liberated SA from BSM were processed similarly serving as internal standards.
MALDI-TOF MS
Lyophilized samples (2-20 pmol/μL) containing Neu5Ac and Neu5Gc from the promastigotes were collected after purification by fluorimetric HPLC and analyzed by MALDI-TOF MS (Applied Biosystem) using 2,5-dihydroxybenzoic acid (10 μg/μL). All mass spectra were the average of 1000 laser shots recorded in the positive ion mode using the reflector. The ion acceleration potential and the potential in the reflector were 10.5 kV and 9.7 kV, respectively (Ghoshal et al. 2009b) .
GC/MS
Lyophilized samples of SA purified separately from promastigotes were dissolved in dry methanol containing Dowex H + , filtered and treated with diazomethane in ether for 5 min at 25°C. The solution was evaporated using a stream of nitrogen and dried over P 2 O 5 . The residue was dissolved in TMS-reagent pyridine/hexamethyldisilazane/trimethylchlorosilane (5/ 1/1, v/v/v, 6 μL) and analyzed by GC/MS (Chatterjee et al. 2003 , Chava et al. 2004b ).
Estimation of total SA and 9-O-AcSA SA on promastigotes (5 × 10 8 ) was fluorimetrically quantitated by acetyl acetone method separately (Sharma et al. 1998; Ghoshal et al. 2009a) . Briefly, samples were oxidized with sodium metaperiodate (2.5 mM). Following centrifugation, the respective supernatants were mixed with sodium arsenite (2% in 0.5 M HCl) and acetyl acetone solution and incubated at 60°C for 10 min. The relative fluorescence intensity [(excitation max = 410 nm), (emission max = 510 nm)] was measured against reagent blanks. 9-O-AcSA (%) was determined by subtracting the relative unsubstituted SA from that obtained after de-O-acetylation.
De-sialylation and de-O-acetylation of promastigotes Promastigotes (1 × 10 6 ) were de-O-acetylated by incubating with 9-O-acetyl hemagglutinin esterase of influenza C virus (100 U/mL, 100 μL/tube) for 1 h at 22°C (Chatterjee et al. 2003; Vlasak et al. 1987) . Additionally, the respective de-Oacetylated promastigotes were de-sialylated using A. ureafaciens sialidase (50 μL, 10 U/mL) at 22-25°C for 30 min. The viability of de-O-acetylated and de-sialylated promastigotes was checked through microscopic examination and MTT [3-(4,5-dimetthythiazol-2-yl)-2,5-diphenyltetiazolium bromide] assay (Dutta et al. 2007 ).
Detection of linkage specific SA Linkage specific SA on promastigotes was determined through the binding of biotinylated SNA and MAA (5 μL, 5 μg/mL) recognizing (α2-6)-and (α2-3)-sialogalactosyl residues using PerCP-streptavidin (Chatterjee et al. 2003 , Chava et al. 2004b . Additionally, binding of siglecs was assessed by incubation of initially complexed siglecs-Fc with biotinylated goat antihuman antibodies (Fc-specific) with promastigotes for 30 min on ice. The extent of binding was detected using streptavidin-PE and acquired on a FACSCalibur flow cytometer (Becton Dickinson, Mountain View, CA) and analyzed using CellQuest software.
Detection of 9-OAcSA using Achatinin-H Extensively washed promastigotes were lysed, and the membrane lysates were separately used as coating antigen [5 μg/mL, 50 μL/well in tris buffered saline (TBS)] (Chatterjee et al. 2003) . The binding of Achatinin-H was determined using rabbit antiAchatinin-H and HRP-conjugated antirabbit IgG using azinobisthiosulphuric acid as the substrate. The absorbance was measured at 405 nm in an ELISA reader.
Achatinin-H was labeled with FITC (Coligan et al. 1993 ). The differential presence of 9-O-AcSA on promastigotes was analyzed using FITC-Achatinin-H by flow cytometry. In parallel, the binding of FITC-Achatinin-H with de-O-acetylated promastigotes was also measured.
Quantitation of SA by Scatchard analysis
Achatinin-H (5 μg) was iodinated ( 125 I-Achatinin-H) using chloramine T method (Hunter 1978) . Promastigotes (5 × 10 6 ) were incubated with increasing amounts of 125 I-Achatinin-H (specific activity being 1.7 × 10 6 cpm/μg) in TBS (pH 7.2) containing CaCl 2 (0.3 M) and bovine serum albumin at 4°C for 60 min in the presence or absence of a 50-fold excess of unlabelled-Achatinin-H. 125 I-Achatinin-H-bound promastigotes were separated from free 125 I-Achatinin-H by layering onto a 5% sucrose solution followed by centrifugation at 4°C (Ghoshal et al. 2009a) , and the radioactivity was determined by a gamma counter. The dissociation constant (K d ) and number of binding sites were calculated by the Scatchard plot (Scatchard 1949 ).
Molecular identification of sialoglycoproteins by western blot analysis
Membrane fractions from promastigotes were prepared (Chatterjee et al. 2003) . Equal amounts of membrane proteins (60 μg) before and after sialidase treatment were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (10%) and electro-transferred onto a nitrocellulose membrane. The membranes were probed with biotinylated (B) SNA and/or MAA (0.04 mg/mL, diluted 1:200), and the blots were developed using HRP-conjugated avidin (1:15,000) for 1 h at 37°C and diaminobenzidine as substrate. The 9-O-AcSGPs were detected using Achatinin-H. In parallel, de-O-acetylated membrane fractions of pro-mastigotes were processed similarly to check the specificity of binding of 9-O-AcSGPs with Achatinin-H.
NO resistance/susceptibility of promastigotes Aliquots of promastigotes (20 μL, 5 × 10 7 /mL in phosphate buffered saline, pH 7.2) before and after de-O-acetylation and de-sialylation were separately incubated for 4 h at 25°C with freshly prepared NaNO 2 (180 μL, 0-16 mM) serving as NO donor on 96-well U-shaped plates (Giudice et al. 2007) . Following centrifugation (700 × g) for 10 min, the promastigotes were incubated in medium A (200 μL) for 20 h at 25°C. The viability of promastigotes was assessed in each well in triplicates by incubating cells with MTT (0.5 mg/mL) for 4 h followed by addition of HCl (0.04 N, 100 μL) in isopropyl alcohol, and the absorbance was measured a microplate reader at 540 nm. The specific absorbance was calculated by subtraction of the background absorbance from the total absorbance. The mean percentage viability was calculated from the OD ratio of untreated versus NO-treated promastigotes × 100 for each set of experiment.
Macrophage infection assays
Stationary phase promastigotes of two representative Leishmania sp. with high and low 9-O-AcSA content were used for in vitro macrophage infection assays. Human monocytederived macrophages were suspended in medium B, plated on to cover slips (3 × 10 5 /200 μL) and incubated for overnight at 37°C in 5% CO 2 . Adhered macrophages were washed gently, and promastigotes (untreated, de-O-acetylated and de-sialylated) were allowed to interact separately in a ratio of 1:10 for 0-96 h at 37°C. Cells were stained with Giemsa, and the infection levels were enumerated by counting both infected macrophages (%) and number of parasites per 100 macrophages using a microscope (Leica) under a 100× oil objective.
Measurement of NO
The supernatants were collected, and the amount of NO generated was measured using Griess reaction (Dutta et al. 2008) . Briefly, equal volumes of culture supernatant, sulfanilamide and N-1 napthylethylenediamine dihydrochloride were incubated at 25°C for 5 min, and the formation of an azo compound was measured colorimetrically at OD 550 nm . The concentration of NO was extrapolated from a standard curve of sodium nitrite.
Analysis of secreted cytokines
To delineate the involvement of SA in conferring NO resistance via inhibition of leishmanicidal host responses, the concentration of IL-12 and IFN-γ released into the culture supernatants was assayed by sandwich ELISA. Briefly, microtitre plates were coated separately with antihuman IL-12 and IFN-γ antibodies in carbonate buffer (0.03 M, pH 9.6) overnight at 4°C and were incubated with culture supernatants. After subsequent washing and blocking, the bound complex was detected using biotinylated secondary antibodies and HRP-streptavidin (1:50) as per the manufacturer's protocol using an ELISA reader. The concentrations of cytokines were calculated against the standard curve using standard recombinant cytokines. Culture supernatants from naive macrophages without infection served as the background controls for the assay.
Statistical analysis
Results are expressed as means ± SD for individual sets of experiments. Each experiment was performed three to four times, and results are representative of each set of experiments. The one or two-tailed t-test for significance was performed, P < 0.05 was considered to be significant.
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